Ezrin links the plasma membrane to the actin cytoskeleton where it plays a pivotal role in the metastatic progression of several human cancers; however, the precise mechanistic basis for its role remains unknown. Here, we define transitions between active (phosphorylated open) and inactive (dephosphorylated closed) forms of Ezrin that occur during metastatic progression in osteosarcoma. In our evaluation of these conformations we expressed C-terminal mutant forms of Ezrin that are open (phosphomimetic T567D) or closed (phosphodeficient T567A) and compared their biologic characteristics to full-length wild-type Ezrin in osteosarcoma cells. Unexpectedly, cells expressing open, active Ezrin could form neither primary orthotopic tumors nor lung metastases. In contrast, cells expressing closed, inactive Ezrin were also deficient in metastasis but were unaffected in their capacity for primary tumor growth. By imaging single metastatic cells in the lung, we found that cells expressing either open or closed Ezrin displayed increased levels of apoptosis early after their arrival in the lung. Gene expression analysis suggested dysregulation of genes that are functionally linked to carbohydrate and amino acid metabolism. In particular, cells expressing closed, inactive Ezrin exhibited reduced lactate production and basal or ATP-dependent oxygen consumption. Collectively, our results suggest that dynamic regulation of Ezrin phosphorylation at amino acid T567 that controls structural transitions of this protein plays a pivotal role in tumor progression and metastasis, possibly in part by altering cellular metabolism. Cancer Res; 72(4); 1001-12. Ó2011 AACR.
Introduction
Ezrin, a cell membrane to cytoskeleton linker protein, plays an important role in the metastatic progression of several tumors (1) (2) (3) (4) (5) . However, the mechanisms by which Ezrin contributes to the metastatic phenotype of cancer are largely unknown. Ezrin is a member of the ERM (Ezrin-RadixinMoesin) protein family, which provides a physical link from F-actin to cell membrane-associated proteins (6, 7) . This linker function makes ERM proteins essential for fundamental cellular processes, including the determination of cell shape, polarity, and formation of surface structures, cell adhesion, motility, cytokinesis, phagocytosis, and integration of membrane transport with signaling pathways (8) (9) (10) . Phosphorylation and dephosphorylation of Ezrin at T567 has been identified as a critical step in the conformational activation and deactivation of Ezrin (11, 12) . Ezrin is proposed to exist in a dormant form in which the C-terminal tail binds to and masks the N-terminal FERM domain. In our previous studies of Ezrin and tumor metastasis, we were surprised to find that Ezrin was not constitutively phosphorylated but rather was dynamically regulated during metastatic progression (13) . Metastatic OS cells expressed phosphorylated ERM early after their arrival in the lung. There was then a loss of phosphorylated ERM within the growing metastatic lesion, followed by a reexpression of phosphorylated ERM only at the invasive front of larger metastatic lesions (13) . The activation of Ezrin is mediated by both exposure to PIP2 and phosphorylation of the Cterminal threonine (T567; ref. 11). The deactivation of Ezrin is also important for physiologic functions, including the dynamics of actin-rich membrane projections. ERM dephosphorylation (Moesin T558) may be a crucial step for lymphocyte adhesion and transendothelial migration. The disassembly of microvilli on lymphocyte cell surfaces caused by dephosphorylation of Moesin facilitates the cell-cell (lymphocyteendothelium) contact (9) .
Given the apparent dynamic regulation of Ezrin in open and closed conformations, we now evaluate their relative contributions, during progression of OS, by expressing Ezrin mutants that are either constitutively activated/open (EzrinT567D) or constitutively closed (T567A) in cells. Surprisingly, OS cells expressing constitutively open Ezrin (T567D) could neither form primary orthotopic tumors nor grow lung metastases. Overexpression of EzrinT567A significantly diminished both experimental and spontaneous metastasis but did not affect the orthotopic primary tumor development. The behavior of the T567A expressing cells is similar to approximately 30% of OS patients. In these patients primary tumor development occurs but metastasis to distant sites does not occur (14) . This is in distinction to the majority of patients who progress to develop metastatic disease following management of the primary tumor alone. At this time there are no means to identify those patients at high or low risk for metastasis or understand the biologic determinants of these phenotypes. Using single-cell videomicroscopy (SCVM) techniques (15), we have defined a biologic mechanism to explain the effects of Ezrin dysregulation on metastasis. Indeed, cells overexpressing EzrinT567A undergo increased apoptotic death early after their arrival in the lung. To begin to understand this mechanism, gene expression analysis of OS cells overexpressing EzrinT567A found a significant overexpression of genes whose functions were consistently connected to cellular metabolism. Functional validation of these gene expression data confirmed alterations in basal cellular metabolism and mitochondrial function in the less metastatic EzrinT567A mutant cells and in unrelated pairs of high and low metastatic OS cells that differentially express Ezrin. Collectively, these data suggest that both open and closed conformations of Ezrin contribute to the metastatic phenotype of OS cells. In a constitutively closed conformation, the ability of these cells to overcome apoptosis early after the arrival of cells in the lung was impaired resulting in the inhibition of metastasis. Finally, Ezrin dysregulation was uniquely associated with alterations in cellular metabolism. Future studies will characterize these alterations in cellular metabolism and the association with the biology of metastasis. 2 . Geneticin (G418; 0.8 mg/mL; Invitrogen) was added to the medium of cells transfected with Ezrin mutant constructs derived as described in the Supplementary Methods. These cells were used in assays of cell proliferation, migration, invasion, and anchorage-independent growth are described in the Supplementary Methods, as previously reported (13) .
Materials and Methods

Cells
Confocal microscopy
Green fluorescent protein (GFP) expressing Ezrin mutant cells were grown in chamber slides. After fixing cells with 3.7% formaldehyde, chambers were removed and slides were cover slipped. Digital images were acquired with a Zeiss LSM 510 confocal system using a 63x 1.4NA Plan-Apochromat oil immersion objective.
Western blot analysis and Triton X-100 fractionation
Total protein extracts were separated by 4% to 12% or 4% to 20% SDS-PAGE electrophoresis, transblotted onto a nitrocellulose membrane, and incubated with the following antibodies: anti-GFP 1:2,500 (Chemicon), anti-Ezrin 1:4,000 (Sigma), antiphospho-Ezrin(T567)/Radixin(T564)/Moesin(T558) 1:1,000 (Cell Signaling), anti-Merlin 1:3,000 (kindly provided by Dr. Anthony Bretcher), anti-Radixin 1:20,000 (Abcam), anti-Moesin (Cell Signaling), and anti-b-actin 1:10,000 (Sigma). Detergent-soluble (actin free) and insoluble (actin enriched) fractions of cellular proteins were derived by Triton X-100 fractionation (See Supplementary Methods).
Experimental metastasis and spontaneous metastasis
As previously described (18) , tail vein injection of K7M2 or MG63.2 cells included 10 6 or 10 4 cells, respectively (minimum of 10 mice per group). For spontaneous metastasis, orthotopic transplantation of 2 Â 10 6 viable cells to the paraosseous proximal tibia was as previously described (18) using a minimum of 15 mice per group. The volume of orthotopic tumor was calculated as previously reported (19) . Tumor-bearing limbs were resected at a tumor size of 1.5 to 2.0 cm 3 . Mice were then evaluated every other day for the development of metastasis-associated morbidity. Complete necropsy validated the presence of pulmonary metastases in all mice. All animal studies were done with the approval of the Animal Care and Use Committee of the National Cancer Institute (NCI).
Single-cell videomicroscopy and pulmonary metastasis assay
Detection of apoptosis in single tumor cells within the lung was accomplished using a modification of SCVM assay (1, 15) that detected caspase activation in single tumor cells by SR-FLIVO (Immunochemistry Technologies, LLC). Human (MG63.2) and murine (K7M2) OS cells expressing GFP-tagged EzrinT567A mutant and GFP alone (5 Â 10 5 ) were injected through tail vein into mice (n ¼ 3-5 per group) as previously described for SCVM. SR-FLIVO reagent was intravenously injected 2 hours later and allowed to circulate for 60 minutes. The lungs were excised, washed in PBS, and imaged en bloc using LEICA-DM IRB inverted fluorescence microscope (above) at defined time points. Image analysis included both green (GFP expressing) tumor cells and red (SR-FLIVO staining) apoptotic cells. The colocalization of red SR-FLIVO staining within GFP expressing tumor cells was then confirmed by carrying out confocal microscopy on 15-mm frozen sections stained with 4 0 , 6-diamidino-2-phenylindole (DAPI) in PBS (1 mg/mL) for 5 minutes, rinsed in PBS, and mounted in Vectashield. Experiments were repeated 3 times. The ex vivo evaluation of Ezrin mutant and control expressing cells in whole lung cultures was done using the pulmonary metastasis assay (PuMA) as previously described and summarized in the Supplementary Methods (20) .
DNA array and gene set enrichment analysis
RNA samples from K7M2/GFP, K7M2/EzrinT567A-GFP were prepared using Qiagen RNA mini kit (Qiagen) according to manufacturer's directions. RNA quality was assessed using an Agilent 2100 Bioanalyzer. All samples were prepared for cRNA hybridization via the Affymetrix One-cycle Eukaryotic Target Labeling Assay according to manufacturer's instructions. Once the cRNA was cleaned and fragmented, it was individually hybridized to Affymetrix Mouse Genome 430 2.0 arrays. All samples were prepared and hybridized at the NCI DNA array core facility. The .CEL files were exported from Affymetrix AGCC software and normalized with RMA sketch from Affymetrix Power Tools. The CEL files and the processed data have been uploaded to NCBI Gene Expression Omnibus (GEO accession: GSE33897). To investigate the pathways and gene sets that were differentially regulated in T567A mutants compared with GFP controls, Gene Set Enrichment Analysis (GSEA) method (21) was applied to the global gene expression profiles with a weighted enrichment statistic corresponding to a weighted Kolmogorov-Smirnov-like statistics, and genes were ranked using log 2 ratio of gene expression in T567A mutants versus GFP control (ref. 22; Supplementary Methods).
Measurements of extracellular acidification and oxygen consumption rate
The XF24 Extracellular Flux Analyzer (Seahorse Bioscience) was used to detect rapid, real time changes in cellular respiration and glycolysis rate. Analysis of extracellular acidification rate (ECAR) reflects lactate excretion and serves as an indirect measure of glycolysis rate, whereas oxygen consumption rate (OCR) reflects cellular respiration and is directly determined (23) . K7M2 and MG63.2 cells expressing EzrinT567A-GFP or GFP alone were tested along with 2 other pairs of osteosarcoma cells (MG63.2/MG63 and K7M2/K12) in which high and low Ezrin expression was associated with high and low metastatic phenotypes, respectively. The cells were seeded in XF24 microplates (25,000 cells per well) the day before the measurements. All measurements were done following manufacturer's instructions, and the observed rates are reported in pmol/L/ min for OCR and mpH/min for ECAR. The experiment was repeated 3 times.
Results
Expression of Ezrin mutants alters the phenotype of OS cells
The highly metastatic murine K7M2 OS cells [wild type (WT)] were transfected with a pEGFP-N1 plasmid alone (GFP) or as a GFP fusion protein with Ezrin (Ezrin-GFP), or the Ezrin mutants (EzrinT567A-GFP, or EzrinT567D-GFP). Multiple single stable clones were established by G418 selection. Western blot analysis confirmed the expression of Ezrin and Ezrin mutants ( A, Western blot analysis shows the expression of endogenous Ezrin and GFP-tagged Ezrin mutants in K7M2 cells. B, localization of GFP and GFP-tagged Ezrin and Ezrin mutants in K7M2 cells was assessed by GFP fluorescence using confocal microscopy. Expression of GFP, Ezrin-GFP, and EzrinT567A-GFP is seen throughout the cytoplasm and cell membrane, whereas EzrinT567D-GFP is largely restricted to the cortical cell membrane. Cell integrity and cellular phenotype is presented by phase contract microscopy (bar, 20 mm). C, the subcellular localization of endogenous Ezrin and GFP-tagged Ezrin mutants was confirmed using Triton-X 100 fractionation. Ezrin in the Triton soluble and insoluble fractions was detected by Western blotting. EzrinT567D-GFP was distributed between the insoluble (actin rich) and soluble fractions (actin free), whereas EzrinT567A-GFP was largely expressed in the soluble fractions.
microscopy ( Fig. 1B) . As expected, GFP alone was expressed in the entire cell (both nucleus and cytosol). Ezrin-GFP and EzrinT567A-GFP were expressed in the cytoplasm with limited expression on the cell membrane. Consistent with our expectations of the active (open) Ezrin conformation, EzrinT567D-GFP localized almost exclusively at the cell membrane and at cell surface structures. Overexpression of EzrinT567D mutant resulted in changes in cell morphology ( Supplementary Fig. S1A ). The subcellular location of Ezrin mutants was assessed using a Triton X-100 fractionation followed by Ezrin immunoblotting (Fig. 1C) . The majority of endogenous Ezrin from all samples was distributed in the Triton-X 100 soluble portion; pERMs were mainly in the insoluble fractions (data not shown). This was also true for the exogenously expressed wild-type Ezrin-GFP and EzrinT567A-GFP. In contrast, EzrinT567D-GFP proteins were mainly localized in the insoluble fraction. No significant change in the expression of other members of ERM family proteins (Radixin, Moesin, and Merlin) was seen following EzrinT567 mutant overexpression ( Supplementary  Fig. S1B ).
EzrinT567D mutants have multiple defects in the metastatic phenotype
The proliferation rates of Ezrin mutant expressing cells were not distinct from control cells using the CCK-8 cell proliferation assay ( Fig. 2A) or by counting of Trypan Blue excluded cells (not shown). These data were verified in human OS cells (MG63.2; data not shown). Overexpression of EzrinT567D-GFP resulted in several defects in the metastatic phenotype. As shown in Fig. 2B , EzrinT567D-GFP mutant cells had reduced migration (P < 0.0001) and invasion (P < 0.0001) compared with GFP expressing cells. Furthermore, EzrinT567D-GFP expressing cells lost their ability for anchorage-independent growth on agarose (P < 0.0001), Matrigel, and collagen I matrices ( Fig.  2C and D) and had limited heterotypic adhesion to laminin. No inhibition of heterotypic adhesion was seen for other extracellular matrices (fibronectin, poly-o-D-lysine, collagen I, and collagen IV; data not shown). In vitro functional consequences of EzrinT567A-GFP expression were subtle and included a reduction in soft agar colony size (P < 0.005) but no change in colony numbers ( Fig. 2C and D) and a modest inhibition of cell migration. 
Overexpressing EzrinT567D mutants completely suppresses primary tumorigenicity
To evaluate contributions of the Ezrin mutants on OS biology and progression in vivo, we injected GFP, Ezrin-GFP, EzrinT567D-GFP, and EzrinT567A-GFP expressing cells to appendicular orthotopic sites in mice. GFP and EzrinT567A-GFP injected animals formed tumors that were readily detectable at 2 weeks. Primary tumor growth rates (Fig. 3A) and Fig. S2A) . B, spontaneous metastasis to the lungs, following resection of tumorbearing limb was assessed. Necropsy assessment to confirmed fulminate metastatic disease in all mice. Results were validated in 2 replicate experiments of similar size (data not shown). C, experimental metastasis assay using OS cells expressing GFP alone, Ezrin-GFP and EzrinT567-GFP mutants. Cells were delivered by tail vein injection (n ¼ 10 per group). Mice were then followed for signs of metastasis-related morbidity and necropsy confirmed fulminate metastatic disease in all mice. Replicate experiments yielded similar results in distinct cohorts of mice. Similar results were found in human OS cells (MG63.2; Supplementary Fig. S2E ). D, assessment of early metastatic progression using the ex vivo PuMA histologic features (cellular morphology and architecture, necrosis, stromal component, vascularity, and mitotic index) were similar between EzrinT567A-GFP expressing cells and cells expressing GFP alone. Surprisingly, no tumors were detected over 200 days following injection of EzrinT567D-GFP expressing cells (Fig. 3A) . Microscopic examination of the orthotopic sites of injection confirmed clearance of all EzrinT567D-GFP cells within 7 days, with evidence of caspase 3 cleavage in tumor cells as early as 2 days ( Supplementary  Fig. S2B ).
Overexpressing EzrinT567A mutants specifically suppresses tumor metastasis Following primary tumor growth and resection of tumorbearing limbs, mice receiving EzrinT567A and control tumors were followed for development of spontaneous metastasis. More than 50% mice receiving OS cells expressing GFP vector alone (Fig. 3B ) were sacrificed as a result of lung metastases between 50 and 140 days of tumor-bearing limb resection. By comparison, no mice bearing EzrinT567A-GFP developed lung metastasis (necropsy and histologically microscopic confirmed). To further confirm the inhibition of metastasis following overexpression of EzrinT567A mutants, experimental metastasis assays were done with control and mutant expressing cells. Cells expressing wild-type Ezrin-GFP were included in this experiment to verify that phenotypes observed with Ezrin mutants were not caused by Ezrin overexpression alone. As expected, mice injected with GFP and Ezrin-GFP expressing cells were euthanized due to lung metastases (100%, 10/10 mice; Fig. 3C ). Mice receiving cells expressing EzrinT567A-GFP or EzrinT567D-GFP mutants had no metastasis at the termination of the experiment (day 90; Fig. 3C and Supplementary  Fig. S2C ). Similar results were seen with cells from 2 additional clones of each mutant (data not shown). Necropsy and examination of serial histologic sections showed occasional micrometastases in EzrinT567A-GFP-bearing mice. This metastasisspecific defective phenotype associated with EzrinT567A-GFP expression was also observed in a second highly metastatic human OS cell line model (MG63.2; Supplementary Fig. S2E ). To rule out the possibility that EzrinT567D-GFP expressing cells were inducing a GFP-targeted immune rejection, experimental metastasis experiments were repeated in severe-combined immunodeficient mice. Again, mice with GFP expressing cells were euthanized due to pulmonary metastasis (100%, 10/10 mice), whereas mice receiving EzrinT567D-GFP expressing cells did not develop metastasis at the termination of the experiment (100 day; Supplementary Fig. S2D ). A summary of in vitro and in vivo phenotypes of osteosarcoma cells overexpressing Ezrin mutants at T567 is shown in Table 1 .
Cells expressing EzrinT567A mutants do not progress following their arrival in the lung and undergo increased apoptotic death
The phenotype of EzrinT567A expressing cells in mice was similar to clinical observations in approximately 20% of human OS patients who do not develop metastasis to distant sites (14) . This similarity coupled with the fact that these patients are not currently distinguishable at presentation led us to further explore the biology of the EzrinT567A mutants. Using an ex vivo PuMA and SCVM (1, 15, 20) , we identified a biologic mechanism to explain the failure of metastasis. Dysregulation of Ezrin yielded its impact on early events following the arrival of metastatic cells in the lung (Fig. 3D) . Within the ex vivo PuMA, metastatic cancer cells progress from single discrete cells to multicellular metastatic cellular clusters over 7 days. EzrinT567A-GFP cells failed to progress beyond single cells. Indeed, these cells progressively declined in number between days 4 and 7 ex vivo. Using epifluorescence widefield SCVM, the immediate impact of Ezrin dysregulation on early metastatic progression and metastatic inefficiency was confirmed (Fig. 4A) . As previously reported, most metastatic tumor cells that arrive in the lung are not retained and do not form metastases due to metastatic inefficiency (24) (25) (26) (27) . Within 6 hours of their arrival in the lung, approximately 50% of both wild-type and GFP expressing cells were not evident in the lung compared with more than 80% of EzrinT567A-GFP cells. To Interpolation from data in Fig. 2A . Percent of cells undergoing transwell migration (Fig. 2B ).
c Percent of cells undergoing transwell invasion (Fig. 2B) .
elucidate a biologic mechanism explaining the defect in metastatic phenotype, a modification of the SCVM imaging technique was done to allow the fluorescent visualization of caspase activation in single cells, early after their arrival in the lung (Fig. 4B) . The expression of EzrinT567A-GFP was associated with a significant increase in single-cell apoptosis (measured by caspase activation) within 2 hours of tumor cell arrival in the lung in both murine (K7M2) and human OS cells (MG63.2; Fig. 4B ).
Gene expression studies of EzrinT567A mutants suggests alterations in cellular metabolism
To begin to understand the impact of EzrinT567A expression on the metastatic phenotype and, more specifically, the survival of tumor cells at secondary sites, microarray comparisons were undertaken to define differences in gene expression between EzrinT567A-GFP and GFP alone expressing cells. Functional assessment using GSEA of differentially expressed genes was conducted. A robust list of significant gene functions collectively linked to altered cellular metabolism was seen in association with EzrinT567A-GFP expression ( Fig. 5A and B; Table 2 ). Gene functions that were suppressed following EzrinT567A-GFP expression were linked to cell-cycle functions. The significance of these changes in cell-cycle functions is unclear, given that no changes in cell proliferation or primary tumor growth in vivo were noted between cells expressing EzrinT567A-GFP and controls ( Fig. 2A and 3A) .
EzrinT567A mutants have altered cellular metabolism
To functionally validate gene expression and GSEA, we asked whether baseline changes in cellular metabolism occurred following expression of EzrinT567A-GFP in cells. Using extracellular flux analysis (EFA), markers of cellular respiration and glycolysis rate were assessed from cells in vitro. Suppression of oxygen consumption (OCR) and glycolysis (ECAR) were found in cells expressing EzrinT567A-GFP compared with control cells (Fig. 5C ). Confirmation of these results was provided through the study of distinct high and low metastatic OS cells in which Ezrin was differentially expressed (in clonal pairs; MG63.2/MG63; K7M2/K12; Fig. 5C ; refs. 17, 18). Consistent trends taken from these studies indicated that low metastatic, low Ezrin expressing cells simultaneously had reduced basal OCR and ECAR compared with high metastatic, high Ezrin expressing cells. The proportion of oxygen consumed in these cells coupled to ATP synthesis was determined by treatment of cells with oligomycin, an inhibitor of ATP synthase. As shown in Supplementary Fig. S3 , a significantly higher percentage of oxygen consumed by cells expressing high Ezrin was coupled to ATP synthesis compared with cells expressing low Ezrin. Total cellular ATP levels were measured in clonal pairs of cells expressing either EzrinT567A or in cells with high and low levels of Ezrin. Although, modest, Ezrin dysregulation or suppression was associated with lower total ATP levels than corresponding clonal pairs expressing more wild-type or high Ezrin (data not shown). This is in accordance with higher ATP-coupled respiration in more metastatic, Ezrin expressing cells than less metastatic cells. Consistent with these data, highly metastatic cells that express wild-type or high Ezrin had greater respiratory capacity than cells with dysregulated or low levels of Ezrin expression ( Supplementary  Fig. S3 ). Respiratory capacity was assessed by treatment with an uncoupler of respiration (FCCP), followed by measurement of OCR. On the basis of these data, we hypothesized that Ezrin dysregulation leads to impaired metabolic and respiratory competency in cells.
Discussion
Ezrin has been shown to be expressed in most human cancers and is linked to progression in several cancers including pediatric sarcoma, carcinoma of endometrium, breast, colon, ovary, in uveal and cutaneous melanoma, brain tumors, and, most recently, soft tissue sarcoma (1, 2, 5, (28) (29) (30) . Phosphorylation of Ezrin at T567 is believed to be a necessary step in the activation of Ezrin (11, 31) . Contrary to our expectation, the so-called "active" phoshorylated form of Ezrin was not constitutively expressed during metastasis. Rather, phosphorylation of Ezrin at T567 was dynamically regulated during metastatic progression (13) . Present studies were undertaken to understand what roles the phosphorylated and dephosphorylated forms of Ezrin have on OS progression and to determine how these findings may more broadly integrate into our understanding of cancer metastasis.
Several models describing the process of metastatic progression from a primary tumor to distant metastatic sites have been established (32) (33) (34) (35) . Several genes and the regulation of several others contribute to discrete steps in the metastatic cascade and collectively confer the metastatic phenotype on a cancer. Interestingly, based on work presented herein, the ability of Ezrin to contribute to tumor cell survival during the early stages of lung colonization seems to be in part the result of transitions between open and closed conformations of Ezrin. Indeed, the overexpression of Ezrin mutants that are fixed in either open (T567D) or closed (T567A) conformations blocks both tumor development and metastasis or metastasis alone, respectively. These data support the contention that distinct and necessary roles exist for both conformations of Ezrin during tumor progression in OS (36) (37) (38) (39) . The fact that overexpression of the activated form of Ezrin (EzrinT567D-GFP) completely blocked both primary tumor growth and metastasis was surprising. Overexpression of either Ezrin mutant did not influence cell proliferation in vitro. However, the expression of EzrinT567D-GFP led to several changes in cellular phenotype that predicted impaired tumor progression and metastasis. This included impaired cell migration, invasion, adhesion, and growth in soft agar. Previous studies of T567 mutation in Ezrin, Radixin T564, and Moesin T558 have produced striking morphologic anomalies in a variety of cell systems. COS7 cells and LLC-PK1 cells display extensive formation of microvillar structures when expressing active ERM mutants (31, 40) . We observed similar morphologic changes in cells following the expression of EzrinT567D-GFP in OS cells ( Supplementary Fig. S1B ) and observed the localization of EzrinT567D-GFP at the cell cortex. The formation of these structures generally results in reduced cell-cell adhesion and failure to polarize (41, 42) . It is reasonable to speculate that such changes in homotypic interactions may lead to impaired tumor formation and progression beyond single cells.
The fact that overexpression of the T567A mutant resulted in the specific inhibition of metastasis, without a notable impact on primary tumor growth was interesting and suggested an important translational opportunity. The limited metastatic potential of T567A expressing cells may explain why some OS patients develop primary tumors and do not progress to metastasis, although most patients will progress despite control of the primary tumor and both neoadjuvant and adjuvant chemotherapy. Studies of a cellular mechanism to explain the inhibition of metastatic progression of EzrinT567A-GFP cells revealed a reduced efficiency in the formation of 3D colonies in soft agar, on collagen I gels or in Matrigel (based on colony size and or number). It is interesting to hypothesize that the ability to overcome the stress of growth on specific substrates or in contact-deprived environments is similar to the stress experienced by single metastatic cells arriving in a foreign metastatic environment. Such a hypothesis would link these EzrinT567A-GFP in vitro findings to mechanistic studies, suggesting the role of EzrinT567A-GFP in early metastatic survival in the lung (ex vivo PuMA assay) and, finally, in vivo studies of spontaneous and experimental metastasis. In our studies of metastatic progression in solid tumors, we have been increasingly drawn to the fact that metastatic cells that arrive at distant secondary sites are under considerable cellular stress. We hypothesize that this stress results from the fact that these cells are required to engage a foreign microenvironment and develop paracrine and endocrine signaling cascades often distinct from those needed for growth in the originating microenvironment of tumor or in the primary tumor. In short, the survival of cells at secondary sites is a critical determinant of metastasis (43) . Using both murine and human OS cell lines in which we dysregulated Ezrin (expression of EzrinT567A), we found a consistent increase in apoptosis shortly after the arrival of single cells in the lung. These data collectively suggest that transitions between Ezrin conformational forms is necessary to protect cells against stresses faced early after cells arrive at a secondary site.
To address this hypothesis and generate additional hypotheses that could explain how EzrinT567A-GFP expression inhibited metastasis, microarray subtractions between cells expressing EzrinT567A-GFP and wild-type Ezrin were conducted. We were most struck by the consistency of the functions of genes that were upregulated following overexpression of EzrinT567A-GFP. These functions were almost exclusively linked to cellular metabolism or cellular energy. Most notably, these functions suggested a shift in the metabolism of both carbohydrates and amino acids. Considered to be a hallmark of the cancer phenotype, the field of cellular metabolism and cancer has received considerable recent attention (44, 45) . At its most basic level, cancer cells seem to be able to manage the production of energy from a number of sources under both aerobic and anaerobic conditions, more effectively than normal cells. Differences in metabolic competency of nonmetastatic and metastatic cells have however not been addressed. Using direct measurement of cellular respiration and metabolism, we found the overexpression of Ezrin-T567A in cells resulted in reduced cellular respiration (based on lactate production) and reduced oxygen consumption (Fig. 5C and Supplementary Fig. S3 ), as well as reduced cellular ATP-and ATPdependent oxygen consumption ( Supplementary Fig. S3 ) compared with wild-type cells. The connection between Ezrin dysregulation and altered cell metabolism may not be surprising based on the fact that glycolytic enzymes are known to be associated with the actin cytoskeleton, and these reactions contribute to subcellular functions of cells including signaling reactions between the cell membrane and nucleus (46, 47) . On the basis of these data, we hypothesize that metastatic cells with an efficiently regulated actin cytoskeleton may have a greater fluency and flexibility in managing energetic needs during times of stress than nonmetastatic cells and further that the dysregulation of Ezrin leads to an urgent but failed attempt by cells to correct this metabolic defect. In an attempt to manage this failing energetic state, cells with mutated Ezrin are forced to enter a less efficient form of metabolism. We hypothesize that this pathway shift and rescue attempt was sufficient to maintain cell viability and many aspects of the cancer phenotype (i.e., invasion, migration, and primary tumor growth); however, the shift was insufficient to meet the energy/metabolic needs of the metastatic cancer cell, especially during the critical stresses that occur early after cellular arrival at distant secondary sites. Indeed, these findings support the extension of our hypothesis that metastatic success may be linked to an ability of cells to efficiently provide and use energy. Recent data from our group suggests that therapeutic strategies that impair the generation and use of cellular energy (e.g., through Metformin treatment) may be uniquely active against the metastatic phenotype of OS (personal communication, manuscript under review).
That both the open and closed conformations of Ezrin are needed for tumor progression and metastasis is consistent with our understanding of the dynamic and complex sequence of events that lead from primary tumor development through the steps of metastatic progression. In regards to metastasis, it seems that the transitions between these conformational forms are needed early after metastatic cells arrive in the lung. The biologic mechanism that underpins this observation is that transitions between Ezrin conformations is needed to protect cells against apoptotic death at these critical points during metastatic progression. On the basis of gene expression data and functional validation in vitro, we have found an association between the inhibition of metastasis following dysregulation of Ezrin function with alterations in cellular respiration and energy metabolism. Ongoing studies will determine how dysregulation of cellular metabolism is linked to the steps of metastasis and how these data can be translated into rational therapeutic approaches for metastasis.
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